Cities are complex socioecological systems that are particularly vulnerable to the impacts of climate change and are also exposed to other trends, such as urbanization and population aging. Due to the changing climate, days with extreme temperatures are expected to become more numerous, which is particularly important for urban areas, where the urban heat island phenomenon is observed. This study presents an example of a spatially explicit potential climate change impact assessment of heatwaves integrating both science and stakeholder participation for three large Czech cities (Prague, Brno, and Pilsen). Stakeholder participation exercises were used to prioritize climate change risks, provide impetus and opportunity for knowledge co-production, and support adaptation planning. Potential climate change impacts of heatwaves in the three Czech cities for the current baseline and for the future (2021-2040) using Representative Concentration Pathways (RCPs)-RCP 4.5 and RCP 8.5, were mapped at two levels describing "in-city" and "inter-city" comparison. When comparing the potential impact of heatwaves across the three cities ("inter-city"), the most affected city is Brno, with 10.5% of its area in the very high impact category for the baseline and both RCPs. The "in-city" comparison shows the differences between the baseline and future scenarios of each city. The assessment of heatwaves' impacts was further used to support urban adaptation planning.
Introduction
Cities, centers of cultural exchange and economic prosperity and home to the majority of the human population, are complex socioecological systems that are particularly vulnerable to the impacts of climate change [1, 2] . In addition, cities are exposed to trends that further increase their vulnerability to climate change, such as urbanization, population aging and the concentration of substantial economic assets within the cities [3] [4] [5] . Climate change vulnerability and adaptation has been extensively researched during the last decade [6] [7] [8] [9] [10] .
The vulnerability of urban areas to climate change is expected to rise as a result of urban population growth and increasing climate extremes. In Europe, the share of the population in urbanized areas is projected to expand in all future SSP (Shared Socioeconomic Pathway) scenarios [11] . In the Czech Republic, which represents the focus area of this study, approximately 73% of the population current baseline , and future Representative Concentration Pathways (RCPs)-RCP 4.5 (medium variant of increasing greenhouse gases) and RCP 8.5 (high emission trajectory)-for the period 2021-2040.
Materials and Methods
This paper builds on a comprehensive approach integrating information from climate change impact assessment with a participative stakeholder process for three major urban areas in the Czech Republic-Prague, Pilsen, and Brno-for the period 2021-2040 (with middle year 2030). The results of this process were subsequently fed into a spatially explicit assessment of potential climate changerelated impacts of heatwaves. By using spatially explicit indicators for exposure and sensitivity, we identified hotspots of major climate change-induced impacts within the three cities, i.e., areas where adaptation actions would be most needed.
Case-Study Cities-Prague, Pilsen, and Brno
Three large cities in the Czech Republic, Prague, Pilsen, and Brno ( Figure 1 ), were selected as case-study areas. These three cities concentrate almost 20% of the entire Czech population and are centers of considerable economic activity (for more details, see Table 1 ). These three cities were selected as pilot cities for the UrbanAdapt project (http://urbanadapt.cz/en), which aims to develop urban adaptation strategies while supporting ecosystem-based approaches to adaptation. 
Stakeholder Participation in Vulnerability Assessment
Stakeholder participation played an important role in the methodological approach adopted in this study and provided information which could feed into the components of the vulnerability assessment framework. Two stakeholder workshops and a roundtable discussion were organized for each case-study city, providing invaluable insights into these components. Figure 2 shows the overview of the urban adaptation planning process and the role of participatory workshops and stakeholder inputs, where stakeholder contributions mainly included input for the vulnerability analysis, such as prioritization of climate change-related risks and mapping of vulnerable areas in the given city (particularly with respect to heatwaves and UHIs). The workshops were organized into focus groups [32] and their composition was carefully varied with regard to balanced stakeholder representation in order to get a good mix of professions and experience. The majority of workshop participants included representatives of municipal and regional authorities; government and private-sector representatives; and representatives of academia, research institutes, and non-governmental organizations. Each focus group had a facilitator who led the discussion.
During the first workshops (in April 2015), participants were asked to assess the relevance of climate change-related risks and hazards, as well as related impacts, from a temporal perspective by using a five-point scale (where 0 was not relevant at all and 4 was very relevant) for the current situation and the future situation in 2030. The assessed climate change-related problems included heatwaves, urban heat islands, floods, high surface runoff, heavy rains, storms, decrease of groundwater levels, and increased demand for drinking water [16, 33] . The participants were encouraged to add any other climate change-related problems they considered relevant. The participants were also asked to provide spatial information regarding the location of areas of the cities that are vulnerable to climate change. A further goal of these first workshops was to familiarize participants with the consequences of climate change impacts in their cities and to facilitate identification of their subsequent adaptation needs. Based on the prioritization of climate changerelated problems during the first stakeholder workshops, an assessment of the potential impacts of heatwaves was conducted. Moreover, the stakeholders' mapping of climate change-related problems (e.g., heatwaves and UHIs) was used as an external input for verification of our assessment. 
Vulnerability Assessment Framework
The methodological approach used for this assessment of potential climate change impacts was framed within a vulnerability assessment involving a combination of climate modeling and spatially explicit analysis of the cities. In order to assess the potential climate change impacts of heatwaves At the later stage, during the second participatory workshop and roundtable discussions, stakeholders identified challenges and opportunities for urban adaptation and provided feedback on the draft adaptation strategy. In this paper, we focused mostly on the links of the first participatory workshops with the vulnerability analysis by exploring the stakeholders' views and prioritization of climate change-related risks (which were used as the input for analyzing climate change impacts), as well as stakeholders' mapping of vulnerable areas (which was used for verifying quantified outputs from the potential climate change impact assessment).
The participatory workshops were organized to include a wide spectrum of actors (see Table 2 ) and local stakeholders and to also initiate the process of knowledge exchange and dialogue to support stakeholders in taking future action. Participants were chosen through a stakeholder analysis and networks of municipal partners and were invited using electronic invitations. Within the timeframe of seven months, two participatory workshops were organized in each of the pilot cities. Between the workshops, follow-up research activities were undertaken to help integrate workshop findings into the overall vulnerability assessment framework (Figure 2 ). The workshops were organized into focus groups [32] and their composition was carefully varied with regard to balanced stakeholder representation in order to get a good mix of professions and experience. The majority of workshop participants included representatives of municipal and regional authorities; government and private-sector representatives; and representatives of academia, research institutes, and non-governmental organizations. Each focus group had a facilitator who led the discussion.
During the first workshops (in April 2015), participants were asked to assess the relevance of climate change-related risks and hazards, as well as related impacts, from a temporal perspective by using a five-point scale (where 0 was not relevant at all and 4 was very relevant) for the current situation and the future situation in 2030. The assessed climate change-related problems included heatwaves, urban heat islands, floods, high surface runoff, heavy rains, storms, decrease of groundwater levels, and increased demand for drinking water [16, 33] . The participants were encouraged to add any other climate change-related problems they considered relevant. The participants were also asked to provide spatial information regarding the location of areas of the cities that are vulnerable to climate change. A further goal of these first workshops was to familiarize participants with the consequences of climate change impacts in their cities and to facilitate identification of their subsequent adaptation needs. Based on the prioritization of climate change-related problems during the first stakeholder workshops, an assessment of the potential impacts of heatwaves was conducted. Moreover, the stakeholders' mapping of climate change-related problems (e.g., heatwaves and UHIs) was used as an external input for verification of our assessment. 
The methodological approach used for this assessment of potential climate change impacts was framed within a vulnerability assessment involving a combination of climate modeling and spatially explicit analysis of the cities. In order to assess the potential climate change impacts of heatwaves within our three cities-Prague, Pilsen, and Brno-the framework included exposure and sensitivity to the climate change-related phenomenon of heatwaves (see Figure 3 ). This framework (adapted from [33] [34] [35] ) covers several dimensions: exposure and sensitivity (Section 2.4) to climate change leading to a potential climate change impact (Section 2.5), which, together with adaptive capacity, constitute urban vulnerability. Moreover, the adaptation measures and adaptive capacity represent the urban planning dimension supporting urban resilience, which represents scope for potential further research. to the climate change-related phenomenon of heatwaves (see Figure 3 ). This framework (adapted from [33] [34] [35] ) covers several dimensions: exposure and sensitivity (Section 2.4) to climate change leading to a potential climate change impact (Section 2.5), which, together with adaptive capacity, constitute urban vulnerability. Moreover, the adaptation measures and adaptive capacity represent the urban planning dimension supporting urban resilience, which represents scope for potential further research. As expressed in this framework (Figure 3 ), urban planning thus plays an important role in identifying what adaptive measures can or will be taken in order to reduce the identified climate change impacts, thus increasing the actual adaptive capacity of the system in question.
Input Data and Climate Modeling
Climate change exposure is directly linked to climate variability through parameters such as the character, magnitude and rate of change, and variation in the climate. This can be expressed by temperature, precipitation, the and occurrence of extreme events (such as heavy rain and meteorological droughts). In our case, we used the climatic indicator of heatwaves.
Sensitivity to climate change determines the degree to which a system is adversely or beneficially affected by a given climate change exposure [3, 33, 36] . This is shaped by natural, physical, human, and society-related attributes. Appropriate indicators were selected to measure the exposure and sensitivity of heatwave impacts in urban areas (Table 3) . Selection was based on experience from the literature, [20, 31, 33] , as well as data availability at the local and municipal district levels. As expressed in this framework ( Figure 3 ), urban planning thus plays an important role in identifying what adaptive measures can or will be taken in order to reduce the identified climate change impacts, thus increasing the actual adaptive capacity of the system in question.
Sensitivity to climate change determines the degree to which a system is adversely or beneficially affected by a given climate change exposure [3, 33, 36] . This is shaped by natural, physical, human, and society-related attributes. Appropriate indicators were selected to measure the exposure and sensitivity of heatwave impacts in urban areas (Table 3) . Selection was based on experience from the literature, [20, 31, 33] , as well as data availability at the local and municipal district levels. In our case, heatwaves are defined as three consecutive days with a maximum temperature higher than 30 • C. For the analysis of future heatwave impacts (i.e., exposure indicator, Table 1 ), we used the most recent climate models, which were based on the CORDEX initiative. The EURO CORDEX activity (http://www.euro-cordex.net) provides climate simulations at a 12 km resolution and covering the greater European area including parts of the Middle East, North Africa, and Greenland. This activity is closely linked to the coordinated climate model experiments used in the Couple Model Intercomparison Project (CMIP5) (Taylor et al., 2012) dealing with future climate simulations based on Representative Concentration Pathways (RCPs) emission projections. Three regional climate models were considered in this study (including EC-EARTH RACMO22, MOHC-HADGEM2, MPI-ESM) for two projections, RCP 4.5 (medium variant of increasing greenhouse gases) and RCP 8.5 (high emission trajectory), for the timeframe 2021-2040 [37, 38] . For the purpose of this study, it was necessary to process the daily data because of the selected climatic characteristics that were thus calculated.
Since these models contain biases, it was necessary to statistically correct their outputs. First, model outputs were compared with measured values in meteorological stations [39, 40] for the control run period (validation phase). Climate models themselves cannot interpret UHIs because they are too general and have a low spatial resolution that does not sufficiently cover the cities. Due to that fact, the regular network was corrected by the network of meteorological stations measuring in the city centers and in suburban areas. Therefore, we are also able to analyze UHIs for the future climate. Based on the model and reference dataset differences, we applied our own correction method based on quantile mapping correction [41, 42] for adjusting the model outputs to station locations (correction/localization phase). After the correction, climatological characteristics such as heatwaves, number of tropical days, number of tropical nights, number of days with precipitation totals greater than 20 mm, and annual precipitation sums were calculated and interpolated into maps with a 500 m resolution. For each RCP, the mean from the three climate models was calculated. For the purposes of this study, a heatwave was defined as a period of at least three consecutive days with temperatures above 30 • C. A tropical day was considered a day with a maximum temperature higher than 30 • C. A very important characteristic for studying urban climate is the number of tropical nights [43] . This was defined as a day with a minimum temperature higher than 20 • C, which implies a very hot night.
A Spatially Explicit Method Assessing the Impact of Heatwaves in the Cities
A spatially explicit method was used for analyzing potential climate change impacts for our three case-study cities. This was based on the approach of Rannow et al. all exposure and sensitivity values were normalized to a 0-1 range (Equations (1) and (2)) to enable further indicator comparison.
A linearly increasing fuzzy membership function (Equation (1)) was applied to positive indicators such as percentage of urban green spaces that can reduce the impact of heatwaves. x i refers to the original value of the indicator; x min and x max refer to the respective minimum and maximum values to enable better comparison between the baseline and scenario datasets for each city. A small value of s x thus meant that this indicator strongly contributed to the heatwave impact and, conversely, a high value was associated with a small contribution. If x i is equal to x max , s x reaches 1 (the smallest heatwave impact); if x i is equal to x min , s x is 0 (the biggest impact).
A linearly decreasing fuzzy membership function (Equation (2)) was applied to negative indicators, which increase the heatwave impact (e.g., percentage of built-up areas). The scale for s x (0-1 range) has the same interpretation as in Equation (1).
Two types of comparison between the pilot cities (Prague, Brno, Pilsen) were made. The first one is the "inter-city" comparison (comparison between the cities), where both x min and x max for each indicator were evaluated as a total minimum and maximum within all three pilot cities, with the aim of comparing all three cities to each other.
The second type represents the "in-city" comparison (comparison within a particular city), where x min and x max are evaluated for each city separately. This means that the same s x value for Prague can have a different heatwave contribution than the same s x value in Brno and comparison is relevant for the impact assessment within the particular city.
The final assessment of the potential impact of heatwaves involved combining sensitivity and heatwave data using the fuzzy gamma overlay tool with a gamma factor (Equation (3)).
Impact of heatwaves
where µ sum is the fuzzy sum, µproduct is the fuzzy product, and γ is the gamma factor parameter. µ i is the ith membership function of the fuzzy set. The result has the same range (0-1) and interpretation as the partial indicators in Equations (1) and (2) . The use of a fuzzy gamma overlay allows an exploration of the relationships between the multiple input criteria and was chosen in order to minimize the omitted information coming from the overlay, which is based on the sum or product algorithm [44] . The gamma factor range is within 0-1, where for gamma values between 0.6 and 0.8, the resulting determinant aggregation falls within the entry criteria values [45] . Therefore, for the purpose of our study, the utilized gamma value was 0.8.
Results

Stakeholders' Assessment of Climate Change-Related Problems
Stakeholders played an important role in the overall vulnerability assessment as they are, in most cases, the decision-makers, who can support the integration of climate change issues into the local urban policies, strategic, and spatial planning. During the first participatory workshops, stakeholders were provided with scientific information regarding climate change in the Czech Republic, including current status and future climate projections, as well as potential climate change risks in urban areas.
The introductory part on climate change was followed by participatory evaluation. Stakeholders were divided into three groups (each group had a facilitator and note taker) and were asked to rank particular climate change-related problems for the current and future (year 2030) perspective. Climate change-related problems included heatwaves, urban heat island, floods, high surface runoff, heavy rains, windstorms, decrease of groundwater levels, and increased demand for drinking water. Firstly, the ranking was performed individually, and then the whole group discussed particular problems and together agreed on the ranking. Finally, problem relevance for a particular city was calculated based on the average value of the three discussion groups.
As a result of the first workshop, heatwaves and urban heat islands (UHI) were perceived as two of the most relevant climate change-related problems currently and in the future in both Prague and Brno (Figure 4) . Additionally, in both cities, the problem relevance of heatwaves was perceived to increase in the future (2030). During the discussions in Brno, participants also mentioned the issue of negative impacts of heatwaves and extreme temperatures on human health, projected increase in vulnerable population (particularly elderly people), and potential increase of urban population due to climate change-related migration. In Pilsen, heavy rains, storms, and floods had the highest scores, followed by urban heat islands and heatwaves. Participants also perceived the growing relevance of heatwaves and UHI in the future. Some of the participants mentioned the need for a more detailed knowledge of Pilsen city climatology that is currently not available. Stakeholders were also asked to map the areas with a high climate impact. From the spatial perspective, stakeholders identified the most vulnerable areas in terms of heatwaves and risk of urban heat islands. In Prague, these areas indicated by stakeholders included the historical city center (particularly the densely built-up area around the Vltava river) and the built-up areas with large housing estates and blocks of flats. In Brno, stakeholders identified the most vulnerable areas in the city center and in the area of the Brno Exhibition Center, as well as in the industrial areas in the southern part of the city. In Pilsen, the problem of heatwaves and urban heat islands did not receive the highest priority. As the city of Pilsen lies at the confluence of four rivers, floods and heavy rains that could cause flooding were perceived by stakeholders as the most relevant problems. However, from the spatial perspective, stakeholders identified the areas most vulnerable to heatwaves and subsequent urban heat islands within the industrial areas in the city center (Pilsner Urquell brewery and the Škoda machinery factory). In all three cities, heatwaves and urban heat islands were perceived as very relevant climate change-related problems in the future (2030). 
Mapping Potential Impacts of Heatwaves in the Pilot Cities
Based on the fact that significant priority was given to the problems of heatwaves and urban heat islands in the three Czech cities, the impacts of heatwaves currently and in the future (for 2030 and under RCP) were spatially analyzed. Using the methodological procedures described in detail in Section 2. Regarding climatic data, the first part of climate modeling undertaken in this study tested for significant differences between the listed climatic characteristics measured across future climate projections. Overall, no significant differences were observed between emission projections RCP 4.5 and 8.5 in the period 2021-2040, though for the distant future (2081-2100), a significantly higher increase of values was predicted by RCP 8.5.
In the recent period 1981-2010, the largest number of days of heatwaves was observed in Brno (7.1 days), followed by Pilsen (6.4 days) and Prague (5.2 days). The number of such days will increase by two to three days per year in the near future (2021-2040) under both emission projections. More significant increases are expected by the end of the century. In 2081-2100, the number of heatwave Stakeholders were also asked to map the areas with a high climate impact. From the spatial perspective, stakeholders identified the most vulnerable areas in terms of heatwaves and risk of urban heat islands. In Prague, these areas indicated by stakeholders included the historical city center (particularly the densely built-up area around the Vltava river) and the built-up areas with large housing estates and blocks of flats. In Brno, stakeholders identified the most vulnerable areas in the city center and in the area of the Brno Exhibition Center, as well as in the industrial areas in the southern part of the city. In Pilsen, the problem of heatwaves and urban heat islands did not receive the highest priority. As the city of Pilsen lies at the confluence of four rivers, floods and heavy rains that could cause flooding were perceived by stakeholders as the most relevant problems. However, from the spatial perspective, stakeholders identified the areas most vulnerable to heatwaves and subsequent urban heat islands within the industrial areas in the city center (Pilsner Urquell brewery and the Škoda machinery factory). In all three cities, heatwaves and urban heat islands were perceived as very relevant climate change-related problems in the future (2030).
Based on the fact that significant priority was given to the problems of heatwaves and urban heat islands in the three Czech cities, the impacts of heatwaves currently and in the future (for 2030 and under RCP) were spatially analyzed. Using the methodological procedures described in detail in Section 2.5, we combined exposure and sensitivity indicators for the three cities in order to analyze the potential impacts of heatwaves. The spatial distribution of heatwave impacts was mapped based on the baseline (1981-2010) and RCP 4.5 and RCP 8.5 for the near-term future (2021-2040).
Regarding climatic data, the first part of climate modeling undertaken in this study tested for significant differences between the listed climatic characteristics measured across future climate projections. Overall, no significant differences were observed between emission projections RCP 4.5 and 8.5 in the period 2021-2040, though for the distant future (2081-2100), a significantly higher increase of values was predicted by RCP 8.5.
In the recent period 1981-2010, the largest number of days of heatwaves was observed in Brno (7.1 days), followed by Pilsen (6.4 days) and Prague (5.2 days). The number of such days will increase by two to three days per year in the near future (2021-2040) under both emission projections. More significant increases are expected by the end of the century. In 2081-2100, the number of heatwave days will be two times higher under RCP 4.5 and five times higher under RCP 8.5, compared with the baseline (1981-2010).
In the period 1981-2010, twelve tropical days per year were observed in the three pilot cities. An increase of two to three days per year will occur in the near future (2021-2040). In the distant future (2081-2100), a significant increase is predicted: in RCP 4.5, 20-22 tropical days per year and, in RCP 8.5, 39-42 tropical days per year, will be experienced in all three cities. Indeed, in 2015, we observed a similar number of tropical days as predicted under RCP 8.5 for the distant future. In recent years, we have observed the largest number of tropical nights in Prague and Brno. On average, one tropical night occurred every two years. The conditions are much better in Pilsen, as a tropical night is observed only once every five years. In the distant future, the highest increase in the occurrence of tropical nights was observed for Brno: to four (RCP 4.5) and 17 (RCP 8.5) nights respectively per year.
The impact of heatwaves in Prague, Pilsen, and Brno was analyzed and mapped at two levels. Firstly, the "inter-city" comparison serves for showing the differences between all three cities on one scale consisting of five regular intervals (see Section 3.2.1). Secondly, the "in-city" comparison (see Section 3.2.2) shows values representing the impact of heatwaves in each particular city defined as quantiles within each city separately (according to the baseline quantile classification in each of the cities). The highest impacts are values close to 0, where the highest values of exposure to heatwaves and the highest sensitivity intersected based on the fuzzy gamma overlay (for more details, see Section 2.5).
"Inter-City" Comparison: Potential Climate Change Impact of Heatwaves
Within the inter-city comparison (comparison between the three pilot cities), for each indicator, a total minimum and maximum were evaluated within all three pilot cities (for more details, see Section 2.5). Figure 5 shows a comparison of the potential climate change impact of heatwaves between the three pilot cities (Prague, Brno, and Pilsen) for the baseline in 2015 and the RCP 4.5 and RCP 8.5 in 2030. When comparing the potential impact of heatwaves across the three cities, the most affected city is Brno, followed by Prague, with very high (0.0-0.2) and high (0.2-0.4) heatwave impact areas located mainly in the city centers, which corresponds to the mapping outcomes from the participatory workshops (see Section 3.1). In 2030, a growing trend is apparent, particularly in high impact areas in both cities under the RCP 4.5 and 8.5 projections. Moreover, Brno also has the highest area of the very high impact category (0.0-0.2), which covers 10.5% of the city's area in the baseline and both RCPs. The impacts of heatwaves are more significantly pronounced in 2030, under both RCPs; together, the area of very high and high impact covers approximately one-fifth of Brno (23.5% under RCP8.5, 19.6% under RCP 4.5). Concerning the RCP 8.5 high-emission projection, the high impact category covers 12.9% of the area of Brno (an increase of 9.3% compared with the baseline). In RCP 4.5, the high heatwave impact area covers 9.1% of the city (an increase of 5.5%). The increase is particularly evident in the northern area of the city center, where the proportion of the built-up area is already relatively high.
In the case of Prague, the very high impact areas remain stable across the baseline and RCP projections, covering 2.1% of the city's area. However, the high impact areas increase by approximately 3% under both RCPs (2.8% under RCP 4.5, 3% under RCP 8.5). These areas are located mainly in the city center, with a small fringe in the western part of Prague (see Figure 5) .
In contrast, within the inter-city comparison, Pilsen shows the lowest impacts of heatwaves for the baseline, as well as both RCPs. There are only slight changes in the particular impact categories. Categories of very high (0.0-0.2) and high impact (0.2-0.4) are not represented under the baseline and RCPs. The moderate category shows a slight increase in RCP 4.5 and 8.5 (1.8% and 2.2%, respectively). In both scenarios, the area of very low heatwave impact in the city declines by 2.9% ( Figure 6 ).
In contrast, within the inter-city comparison, Pilsen shows the lowest impacts of heatwaves for the baseline, as well as both RCPs. There are only slight changes in the particular impact categories. Categories of very high (0.0-0.2) and high impact (0.2-0.4) are not represented under the baseline and RCPs. The moderate category shows a slight increase in RCP 4.5 and 8.5 (1.8% and 2.2%, respectively). In both scenarios, the area of very low heatwave impact in the city declines by 2.9% ( Figure 6 ). Within the in-city comparison, values representing both exposure and sensitivity were rendered as quantiles within each city based on the baseline quantile classification with the aim of highlighting the differences between baseline and future scenarios within each of the three cities (for more details, see Section 2.5). Within the in-city comparison, values representing both exposure and sensitivity were rendered as quantiles within each city based on the baseline quantile classification with the aim of highlighting the differences between baseline and future scenarios within each of the three cities (for more details, see Section 2.5).
City of Prague
When comparing the potential climate change impacts of heatwaves within Prague for the baseline and RCP projections in 2030, a similar trend is evident for both future RCPs in the increase of areas with a high impact. The assessment shows substantial increase in the area of the highest impact (0-0.43) in both RCP projections in Prague. Compared with the baseline, the increase in the highest impact is 9% under RCP 4.5 and 9.5% under RCP 8.5, particularly in the areas of the city center and the northwestern part of the city. Simultaneously, the second highest impact category (0.43-0.60) increases by approximately 10% in both RCPs (see Figure A1 ). On the other hand, the lowest impact category (0.77-1.00) declines by 17% in both RCPs (see Figure 7) . (0.43-0.60) increases by approximately 10% in both RCPs (see Figure A1 ). On the other hand, the lowest impact category (0.77-1.00) declines by 17% in both RCPs (see Figure 7 ). 
City of Brno
In Brno, the RCP 8.5 in 2030 indicates the largest extent of the high impact areas compared with the baseline. However, the trend in the rising extent of the high impact areas is also apparent under RCP 4.5. In 2030, under RCP 8.5, one-quarter of Brno has the highest impact (0.00-0.40) of heatwaves (23% under RCP 4.5), covering most of the city centre and stretching to the northeast (see Figure 8) . The second highest impact category (0.40-0.61) increased in both scenarios by 4.6% (RCP 4.5) and 6.1% (RCP 8.5), respectively. Conversely, the lowest impact category (0.81-1.00) substantially declined under both scenarios by 13% (RCP 4.5) and 16% (RCP 8.5), respectively (see Figure A2 ). 
In Brno, the RCP 8.5 in 2030 indicates the largest extent of the high impact areas compared with the baseline. However, the trend in the rising extent of the high impact areas is also apparent under RCP 4.5. In 2030, under RCP 8.5, one-quarter of Brno has the highest impact (0.00-0.40) of heatwaves (23% under RCP 4.5), covering most of the city centre and stretching to the northeast (see Figure 8) . The second highest impact category (0.40-0.61) increased in both scenarios by 4.6% (RCP 4.5) and 6.1% (RCP 8.5), respectively. Conversely, the lowest impact category (0.81-1.00) substantially declined under both scenarios by 13% (RCP 4.5) and 16% (RCP 8.5), respectively (see Figure A2) . Figure A2) . 
City of Pilsen
In Pilsen, the shift towards the highest impacts of heatwaves in the future (2030) is very significant and covers approximately half of the city's total area, stretching to the eastern part of the city ( Figure 9 ). Compared with the baseline, the area of highest impact (0.00-0.10) increases by 24.6% under RCP 4.5 and 27.5% under RCP 8.5. The medium impact category (0.13-0.15) is not represented under either RCP. However, the lowest impact category (0.70-1.00) declined by 11.5% under both future scenarios (see Figure A3 ). 
In Pilsen, the shift towards the highest impacts of heatwaves in the future (2030) is very significant and covers approximately half of the city's total area, stretching to the eastern part of the city (Figure 9 ). Compared with the baseline, the area of highest impact (0.00-0.10) increases by 24.6% under RCP 4.5 and 27.5% under RCP 8.5. The medium impact category (0.13-0.15) is not represented under either RCP. However, the lowest impact category (0.70-1.00) declined by 11.5% under both future scenarios (see Figure A3 ). 
Discussion
Participatory Process
This study focused on the comprehensive nature of vulnerability urban adaptation to climate change impacts, incorporating inputs from both spatial analyses, as well as participatory outcomes.
In the presented analysis, we combined a science-based vulnerability assessment, in particular a potential climate change impact assessment of heatwaves, with the input of local knowledge based on participatory stakeholder workshops. The conducted spatially explicit assessment of potential heatwave impacts did not present an attempt at an exhaustive analysis, but rather an illustration of the benefits arising from combining multiple approaches in the process of developing climate change 
Discussion
Participatory Process
In the presented analysis, we combined a science-based vulnerability assessment, in particular a potential climate change impact assessment of heatwaves, with the input of local knowledge based on participatory stakeholder workshops. The conducted spatially explicit assessment of potential heatwave impacts did not present an attempt at an exhaustive analysis, but rather an illustration of the benefits arising from combining multiple approaches in the process of developing climate change adaptation strategies for urban areas. The stakeholders' input was particularly beneficial for the prioritization of climate change-related problems and verification of the quantified assessment. For instance, during the participatory mapping in Prague, stakeholders assessed the areas most vulnerable to heatwaves (particularly specific areas in the city center and industrial areas), which provides verification of the results of the data-focused climate change impact mapping. During the participatory workshop in Pilsen, the problems related to heatwaves and UHIs did not receive the highest priority from stakeholders. This perception was confirmed by the inter-city comparison, where Pilsen shows the lowest impacts from heatwaves.
In the literature focused on transdisciplinary research and participatory approaches, many pragmatic arguments are presented for the engagement of stakeholders in climate change adaptation, for example [28, [46] [47] [48] . Reed (2008) and Ross et al. (2015) speak of democratic rights and social justice reasons for local communities to participate in any processes concerning their own futures. Another important argument for stakeholder engagement is the mobilization of dialogue among important actors in the decision-making arena who can influence policy-making.
On the other hand, there are limitations to the participatory processes, for example, planning in "silos" and handling climate change like a separate issue, and not mainstreaming adaptation into relevant policy areas [49] . The constraints and limitations of participation in adaptation planning are mainly linked to: (i) lack of long-term stakeholder commitment [50] ; (ii) communication between science and practice-the way global risks are translated to the local urban level [51] ; (iii) uneven representation of stakeholders in the adaptation process [9] ; (iv) power inequalities among stakeholders [9, 52] ; (v) shortage of skills and financial resources among municipal governments [53] ; (vi) lack of institutional support and embedding of stakeholder participation [52] . Participation should be much more than just getting people to work together; engagement should have a deep meaning for them, allowing them to develop their own understanding of the problem and, most importantly, empowering them to take steps toward collective leadership [28] . The process of working through the vulnerability assessment cannot only rely on stakeholder participation. As demonstrated in this study, including an accurate quantification of the climate change impacts under discussion has also proved crucial for an improved understanding of their consequences and subsequent management.
Spatial Assessment
The study used a fuzzy gamma overlay approach (for more details, see [45, 54] ) to spatially analyze potential heatwave impacts in the three cities. In order to analyze differences between the three cities (Prague, Brno, Pilsen), the "inter-city" scale comparison was used. The inter-city comparison used the same quantile classification for each of the cities. The inter-city comparison shows the highest heatwave impacts in Brno, followed by Prague. In both cities, the hot-spot impacts are located in the city centers, are very high, and, together with the high impact category, currently cover 14.1% of Brno's area and 14% of Prague, with a rising trend in 2030. On the other hand, within the inter-city comparison, Pilsen shows the lowest impacts, without any proportion of the very high and high impact categories both currently and in 2030. From the regional perspective, the inter-city comparison provides a broader overview of the situation in Czech cities.
For the purpose of urban planning, however, a more detailed scale is needed. Thus, in this study, we also presented an "in-city" comparison, which separately classifies categories for each of the cities.
The in-city analysis shows more detailed trends in heatwave impacts in a particular city. For instance, in Pilsen, this approach allowed us to analyze the trend consisting of the highest impacts of heatwaves, which remains hidden when it comes to comparison between the cities (inter-city).
Extreme Temperatures and Health
Climate change can have substantial health effects, in particular, heatwaves are connected with well-being decline and vulnerable population mortality increase [17, 18] . Buchin et al. (2016) [55] calculated heat-related deaths in the vulnerable age-group 65+ in Berlin. The modelling showed that the relative risk doubles with an increase of 1 K in ambient temperature.
Several studies have analysed heat-related mortality in the population of the Czech Republic [18, 56, 57] . For instance, the analysis focusing on the impacts of hot spells on mortality in 1986-2009 discovered a declining mortality trend despite the rising temperature. However, the primary cause of heat-related mortality decrease was probably due to substantial socio-economic development in the 1986-2009 period [57] .
Link to Urban Planning Practice
Identification of heatwave impact hot-spots in the Czech cities under observation was intended to support spatial planning for urban adaptation. Spatial planning, as a policy arena, can support climate change adaptation and provide tools for mainstreaming climate change policies [58] . Integration of urban heat risk assessment into urban planning can be achieved in various ways. For instance, Icaza et al. (2016) [59] have proposed innovative tools (e.g., drift, layering, gameboard, and rhizome) for UHI assessment that can be incorporated into conventional spatial planning. In the case of Brno, the outcomes of the urban heatwave impact assessment have been integrated into an update of the Territorial Analytical Document of the City of Brno. A territorial analytical document (based on Act No. 183/2006 Coll.) is a spatial planning tool that provides information and analysis of the state and development of individual thematic areas of the city.
Limitations of the Study
The most substantial limitations of this study are linked to the availability of local-scale data. In constructing indices for climate change impacts, we are aware of the significance of data availability with respect to the reliability of those indices [60] . The situation becomes even more critical when it comes to regional or local levels, where compromises have to be made according to the available input data [20] . In this study, the main limitation in terms of data availability was associated with the smallest spatial unit for which the data for most indicators were available, i.e., the level of municipal districts. Although the data used were of the finest resolution available, a discrepancy between the resolution of climate change sensitivity indicators, such as population density and share of urban green spaces, and the spatial resolution of climate exposure data (500 × 500 m), limited the spatial resolution of the results. In addition, we were limited to those particular climate change impact indicators for which sufficient data sources were available. Nevertheless, we argue that the most important aspects of heatwaves and subsequent urban heat island phenomena linked to heatwaves were sufficiently addressed and fell in line with other currently available studies [20] .
Conclusions
The aim of this study was to present an example of heatwave impact assessments combined with a participative stakeholder process in order to reflect the importance of the participatory process and stakeholder engagement supporting strategic planning in vulnerability assessments of cities. The two methods applied in this research, i.e., participatory workshops and mapping of heatwave impacts, complement each other well. Participatory workshops were of great use in gathering local knowledge in terms of qualitative and quantitative data on climate change risks, while climate change impact mapping based on RCP projections enabled the spatial assessment of potential future impacts in the cities. Heatwaves and the development of urban heat islands pose significant challenges in urban areas, and as has been demonstrated in this study, their impacts are likely to worsen under future climate projections. Combined quantitative and participatory vulnerability assessment can support the preparation of climate change adaptation strategies in cities, which are becoming an indispensable component of urban planning.
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